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Absence of mean-free-path effects in the current-perpendicular-to-plane magnetoresistance
of magnetic multilayers
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The series resistor and Valet-Fert models widely used to describe the current-perpendicular-to-plane~CPP!
magnetoresistances of ferromagnetic/nonmagnetic~F/N! metal multilayers were recently claimed to be valid
only for mean-free paths shorter than layer thicknesses; otherwise the mean-free path was claimed to be an
important length scale in the CPP magnetoresistance~MR!. This claim was based on observations of differ-
ences in the CPP MR’s, after the samples were taken to above their saturation magnetic fields, of two different
kinds of multilayers involving Co and Cu: interleaved@Co(6)/Cu(20)/Co(1)/Cu(20)#N and separated
@Co(6)/Cu(20)#N@Co(1)/Cu(20)#N , with N repeats and thicknesses in nm. The maximum CPP MR’s of
separated samples were only about half as large as those for interleaved ones. In two short papers, we provided
experimental evidence that mean-free paths are not important length scales in the CPP MR by showing that the
differences in CPP MR’s upon which the above claim was made did not change when the mean-free paths in
the N and F layers were reduced from well above to well below their layer thicknesses. We ascribed part of the
behaviors of interest to finite spin-memory loss~spin flipping! in the F and N metals, and proposed that the rest
might be due to spin flips at F/N interfaces. In the present paper we~a! present further experimental evidence
against mean-free-path effects,~b! provide details of the calculations we use to analyze the data, and~c! use
measurements of magnetization and polarized neutron reflectivity to show that the differences in CPP MR are
not due to spurious differences in magnetic structure between interleaved and separated multilayers, but only
to the differences in the relative magnetic alignment of adjacent layers. Additional evidence for this last point
is our observation that the CPP MR’s of separated samples in their as-prepared states are as large as those of
the equivalent interleaved samples after they are taken to above their saturation fields. We show that similar
differences between interleaved and separated data appear also in the current-in-plane~CIP! MR’s and when
the Cu is replaced by Ag.

DOI: 10.1103/PhysRevB.65.054424 PACS number~s!: 75.70.Cn, 73.40.2c, 75.70.Pa
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I. INTRODUCTION

Understanding quantitatively giant magnetoresista
~GMR! in ferromagnetic/nonmagnetic~F/N! multilayers is
important for science and technology. Based upon a w
range of data and analysis, it is widely accepted that
current-perpendicular-to-plane~CPP! magnetoresistanc
~MR! usually involves simpler equations than the more st
dard current-in-plane~CIP! MR, and thus usually gives mor
direct access to the fundamental physics of GMR.1–8 The
CIP MR has three scaling lengths, the mean-free path in
N metallN and those for electrons with moments alonglF

↑

or opposite tolF
↓ the F-layer magnetization. In CIP-MR

equations, these lengths appear in exponential function
ratios with the layer thicknesses2—e.g., exp(2tN /lN). In
contrast, according to the theory of Valet and Fert~VF!,5 in
the CPP MR the scaling lengths are the spin-diffus
lengths~spin-flip lengths! in the N and F metals,l sf

N and l sf
F .

Since scattering events with spin flips are usually only
fraction of all scattering events,l sf is normally expected to be
longer thanl. When these lengths are longer than their
spective layer thicknessesl sf

N@tN , andl sf
F@tF , they drop out

of the CPP MR, yielding a simple two-current series resis
~2CSR! model. In that model, the only lengths are the lay
0163-1829/2002/65~5!/054424~14!/$20.00 65 0544
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thicknessestN and tF , which appear only algebraically. Thi
dependence only ontN andtF was tested early on1,9 by com-
paring data in a particular form for samples with the sameF
metal Co but different N metals@Cu vs Cu~4%Ge!, or Ag vs
Ag~4%Sn!#. This alloying of Cu or Ag changedlN by up to
a factor of 20, but leftl sf

N and l sf
F long enough so that the

2CSR model was expected to apply. Agreement of th
data1,6,9 with the predictions of the 2CSR model implied th
the model represented a good approximation to the phy
underlying the CPP MR of these metals, and seemed to s
that lN , lF

↑ , andlF
↓ are not scaling lengths of the CPP MR

Recently, however, the applicability of the 2CSR and V
models was challenged,10 based upon a combination of the
oretical analysis with observation of qualitatively differe
MR’s for two different geometries of samples composed
Co layers with thicknessestCo56 nm or 1 nm alternated
with Cu layers thick enough (tCu520 nm) to eliminate ex-
change coupling between the Co layers. The geometries
called ‘‘interleaved’’ @Co(6)/Cu(20)/Co(1)/Cu(20)#N or
‘‘separated’’ @Co(6)/Cu(20)#N@Co(1)/Cu(20)#N , where
italic N indicates the number of repeats. Because the sat
tion magnetic fieldHs of Co layers of macroscopic area in
creases with decreasingtCo, the use of two very different
values oftCo should allow for antiparallel~AP! alignment of
©2002 The American Physical Society24-1
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the magnetic moments of thin and thick Co layers ove
limited field range. Analysis of experimental data should th
be straightforward. Because the only lengths in the se
resistor CPP-MR equations aretCo and tCu, those equations
predict that the MR’s of separated and interleaved sam
should be identical.

The filled circles and solid curves in Fig. 1~obtained after
the samples were first taken to saturation! show that we con-
firm the differences in ADR(H)5AR(H)2AR(P)
reported10 for interleaved and separated samples withtCo

56 nm and 1 nm andtCu520 nm forN54, 6, and 8.A is
the sample area through which the CPP current flows,R(H)
is the CPP resistance atH, and P indicates the high field limi
where the Co layer magnetizations are all aligned parallel~P!
to each other. For interleaved samples, the AP states occ
the maxima ofAR(H). For separated samples, we must d
tinguish between two different AP states, the first~like that of
interleaved samples! where alternate-layer magnetizatio
are aligned AP, and the second where the magnetization
thick and thin layers are aligned AP. The solid symbols
Fig. 1 show that theAR’s for the second state~‘‘plateaus’’ for
H;250 Oe, see Sec. IV A! differ from those for the AP state
in the interleaved samples~peaks atH;250 Oe). In con-
trast, as we will discuss in detail in Sec. IV A, the op
symbols and dashed curves for the separated samples~mea-
sured while the samples were first taken to saturation! show
that the first state~located atH50 for this condition—see
Sec. IV A! gives AR roughly the same asAR(AP) for the
interleaved state and, more importantly, closely similar v
ues ofADR5AR(AP)2AR(P). We can, thus, make the ex
perimental quantitiesAR(AP) and ADR almost unique by
limiting the use of the symbolAR(AP) to the case where th
magnetizations ofadjacent layersare aligned AP. For a sepa
rated sample in the second state, we will not use the sym
AR(AP), but refer only toAR(H) for the AP state. These
definitions give CPP MR(H)5ADR(H)/AR(P), with maxi-
mum CPP MR5ADR/AR(P). In all figures showing
AR(H), the scale divisions for interleaved and separa
samples are the same, allowing direct visual compariso
their forms and magnitudes.

The solid curves ofAR(H) for the interleaved sample
consist of a single broad peak, symmetric aboutH50. This
is the qualitative behavior expected from the 2CSR mode
the magnetic order of the layer magnetizations in the sam
reorients fromP at highH to AP for values ofH between the
saturation fields of thetCo56 and 1 nm layers. The solid
curves ofAR(H) for the separated samples, in contrast,
more complex, with maximum values ofADR(H) only
about half those for the interleaved samples. For the sma
N shown (N54), there is a sharp peak followed by a bro
plateau. For the largest (N58), there are two separate peak
corresponding almost to the sum of separate contribut
from the 6 and 1 nm Co layers.

Differences in ADR(H) for interleaved and separate
samples similar to those in the solid curves in Fig. 1 w
reported previously in samples of Co and Permalloy (
5Ni12xFex with x;0.2) with Ag,11 or Co and Fe with Cu.12

In the first case, the difference was attributed to shortl sf
Py. In
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the second, shortl sf
Fe was taken as part of the explanation, b

possible spin-memory loss at F/N interfaces was also p
posed. In contrast, the authors of Ref. 10 argued thatl sf

Co and
l sf
Cu were too long for spin-memory loss within the Co and C

to be important. They argued that the 2CSR and VF mod
break down when the mean-free paths become larger
the layer thicknesses—that ‘‘mean-free-path effects’’ th
appear. Their argument is not simply one of changing m
nitude of AR as the resistivitiesrF and rN of the F and N
layers change.@We will see in Sec. III thatrF andrN appear
explicitly in the 2CSR and VF models, and that these mod
can approximately account for the observed changes in m
nitude of AR(H) due simply to changes inrN and/orrF .#
Rather, they argued that ratiost/l appear explicitly in equa-
tions that differ from those of both the 2CSR and VF mode
If they are correct, then the differences in behavior in Fig
should gradually disappear as the ratiot/l is increased.

This claim was tested in two ways.13,14 First, we replaced
Cu by a dilute Cu~2%Ge! alloy ~hereafter just CuGe! with a
short mean-free pathlCuGe;8 nm, but a long spin-diffusion
length l sf

CuGe;130 nm.9,13 Such alloying should mainly re
ducelCu. As shown in Fig. 2 for samples identical to tho
in Fig. 1 except with Cu replaced by CuGe, increasing
ratio tCu/lCu by up to a factor of 25~from ;1/5 for our
sputtered pure Cu to;5 for the thickest sputtered CuG
layers in Fig. 3 and Ref. 13! produced no significant chang
from Fig. 1 in either the forms or relative magnitudes
interleaved and separated samples. Second, in additio
replacing Cu by CuGe, we also replaced14 the 6 nm Co lay-
ers by 15 or 30 nm thick layers of Co~2%Zr! ~hereafter just
CoZr! and the 1 nm Co layers by 30 nm thick layers of P
both of which have mean-free paths much shorter than th
layer thicknesses. If anything, the differences~Fig. 4 and
Ref. 14! increased. Such behavior is opposite to that
pected from mean-free-path effects, but is expected if
CPP MR is dominated by short spin-diffusion lengths
CoZr and Py.

Our data, thus, strongly suggest that the ratiot/l is not
driving the differences in behavior shown in Fig. 1. Th
question then remains, what is driving those differences?
Secs. III and IV, we show that the differences can be pa
attributed to spin-memory loss in the bulk metals, and
rest can be reasonably well fit by spin-memory loss at Co
interfaces.13

The rest of this paper is organized as follows. In Sec.
we briefly describe sample preparation, sample characte
tion, and our experimental procedures. In Sec. III, we fi
review theoretical issues and the 2CSR and VF models.
then describe the VF-based numerical calculations that
use to analyze our data. Finally, we consider what effe
would be produced by spin-memory loss at F/N interfaces
Sec. IV we present additional data and analysis. Crucia
any simple interpretation of the data is the requirement t
the magnetic structures in interleaved and separated sam
not differ in spurious ways. We use magnetizationM, CPP
MR, and polarized neutron reflectivity measurements to
gue that they do not. Section V contains a summary a
conclusions.
4-2
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FIG. 1. AR(H) vs H at 4.2 K for interleaved~top of each pair!
and separated~bottom of each pair! multilayers of Co/Cu withN
54, 6, and 8. The scale units for each coupled pair are ident
The open squares and dashed curves show howAR(H) varied when
first taken from the as-prepared state to the saturated state.
filled circles and solid curves show how it varied after having be
taken to saturation.
05442
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FIG. 2. AR(H) vs H at 4.2 K for interleaved~top of each
pair! and separated~bottom of each pair! multilayers of Co/CuGe
with N54, 6 and 8. The scale units for each coupled pair
identical. The symbols and curves have the same meanings
Fig. 1.
4-3
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II. SAMPLES AND MEASURING TECHNIQUES
AND PROCEDURES

The shapes of our samples, the use of superconductin
leads to ensure uniform current, and the details of our s
tering system and techniques, and general sputtering r

FIG. 3. AR(H) vs H at 4.2 K for interleaved~top! and separated
~bottom! samples withN52. The samples with Cu havetCu

520 nm. The samples with CuGe havetCuGe520, 30, and 40 nm.
The symbols and curves have the same meanings as in Fig. 1

FIG. 4. AR(H) vs H at 4.2 K for an interleaved~top! and a
separated~bottom! multilayer composed of CoZr, CuGe, and P
The symbols and curves have the same meanings as in Fig. 1
05442
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are all described elsewhere.7 We note here only that the
samples were sputtered in a chamber with masking capa
ity, so that the entire sample was sputteredin-situ. Each
sample consisted of an;1.1 mm wide, 250 nm thick Nb
bottom strip, a wider portion of the sample composed of a
nm Cu ~or CuGe! second layer and then the multilayer
interest, and finally a second;1.1 mm wide, 250 nm thick
Nb top cross strip, oriented perpendicular to the first o
The area through which the CPP current flows is thusA
;1.2 mm2.

The Cu~2%Ge! layers were sputtered at a rate of;1 nm/s
from an alloy target prepared by induction melting. Van d
Pauw resistivity measurements at 4.2 K of six different sp
tered films gaver58065 nVm, corresponding to 2%Ge an
l5861 nm.15 Sputtered films analyzed by electron energ
dispersive scattering~EDS! gave a similar value;2.5%Ge.
The Py and CoZr alloys were sputtered at;0.5 nm/s from
targets made for other studies. Their parameters will be gi
in Sec. III.

To avoid the strong diamagnetism of a superconduc
magnetizationsM were measured at 12 K, above the sup
conducting transition temperature~;9 K! of our sputtered
Nb. M was measured both on entire samples~allowing com-
parison of absolute magnitudes for interleaved and separ
samples! and also on theA;1.2 mm2 ‘‘central pieces’’
through which the CPP current flows. Similar results we
obtained with both geometries.

The magnetic structures in these samples were also c
acterized using polarized neutron reflectivity~PNR!, which
is sensitive to the interaction between the sample’s magn
zation and the magnetic moment of the neutron. PNR m
surements were performed at the NIST Center for Neut
Research on multilayers prepared in the same way as t
for the CPP-MR studies, except that the samples w
squares, 1.27 cm on a side, and sputtered directly onto th
substrates instead of onto Nb. All PNR measurements w
made at 17–18 K after cooling in zero field in a closed-cy
refrigerator. An electromagnet provided a maximum field
2 kOe. Using neutrons of wavelengthl50.475 nm on the
NG-1 reflectometer, we measured the non-spin-flip~NSF!
reflectivities R11 and R22, as well as the spin-flip~SF!
reflectivities R12 and R21. ~The 1 and 2 signs in the
superscripts describe the polarization state of the incid
and scattered neutron spins. These spins are aligned e
parallel1 or antiparallel2 to the applied field.! The selec-
tion and detection of the neutron spin state is descri
elsewhere.16 The NSF reflectivities sense the chemical stru
ture of the multilayer, and the splitting betweenR11 and
R22 is sensitive to the component of the in-plane magn
zation parallel to the applied field. The SF reflectivities a
primarily sensitive to the projection of the in-plane magne
zation that is perpendicular to the applied field. We measu
both the specular and diffuse~i.e., off-specular! reflectivity
as a function of the wave vectorQz54p sinu/l, whereu is
the angle of the incident and scattered neutrons relative
the sample surface. We obtained the diffuse data by off
ting the sample normal by 0.1° relative to the specular sc
tering condition and then scanningQz . These diffuse mea-
surements provide general information about the growth-a
4-4
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ABSENCE OF MEAN-FREE-PATH EFFECTS IN THE CURRENT- . . . PHYSICAL REVIEW B 65 054424
correlations among in-plane ferromagnetic domains with
mensions smaller than 100mm ~Refs. 17–19! and were also
subtracted from the total reflectivity to give the specular
flectivity. After next correcting the specular data for the ef
ciencies of the polarizing elements~which range from 92–
100 %!, fits to the data yield a profile of the vecto
magnetization as a function of depth for regions of t
multilayer with ferromagnetic domains larger than appro
mately 100mm within the sample plane.16–19

III. THEORY

A. Free-electron models

When electronic transport occurs via diffusion, and s
flipping is rare, it is accepted that free electron analysis
the CPP MR yields a simple 2CSR model forAR(AP) and
AR(P).1,4,5,10 In this model, the totalAR of the sample in
each state is given by the parallel combination of the se
sum for each current channel~i.e., electron moments
along or opposite to the direction of positiveH) of resis-
tivities times layer thicknessesrCutCu, rCo

↑ tCo, and rCo
↓ tCo

plus areas times interface resistancesARCo/Cu
↑ and ARCo/Cu

↓ .
We also define scattering anisotropy parameters1,5 b5(rCo

↓

2rCo
↑ )/(rCo

↓ 1rCo
↑ ) and g5(ARCo/Cu

↓ 2ARCo/Cu
↑ )/(ARCo/Cu

↓

1ARCo/Cu
↑ ). We focus uponAR(AP) and ADR. For both

interleaved and separated samples with 2N layers of Cu with
tCu520 nm andN layers each of Co withtCo56 nm or 1
nm, the series resistor model gives the same expression

AR~AP!52ARNb/Co12NrCu3~20 nm!1NrCo* 3~6 nm!

1NrCo* 3~1 nm!14NARCo/Cu* ~1!

and

ADR54N2@bCorCo* 3~6 nm!12gCo/CuARCo/Cu* #

3@bCorCo* 3~1 nm!12gCo/CuARCo/Cu* #/AR~AP!,

~2!

where, for simplicity in writing the equations here, we ha
neglected differences betweenN andN21 ~such differences
are, of course, included in actual calculations!. 2ARNb/Co
5(661) fVm2 is twice the Nb/Co interfacial specific resis
tance,rCu is the independently measured Cu resistivity,rCo*
5(rCo

↑ 1rCo
↓ )/45rCo/(12b2) is the average resistivity o

Co in the AP state, andARCo/Cu* 5(ARCo/Cu
↑ 1ARCo/Cu

↓ )/4 is
the similarly averaged Co/Cu interface specific resistanc

For our present purposes, the most important feature
Eqs. ~1! and ~2! are the following.~1! The only lengths in
Eqs.~1! and~2! are the layer thicknessestF andtN . ~2! If the
Cu is doped with a dilute concentration of an impurity, su
as Ge, that increasesrCu, but leavesl sf long and does no
significantly changebCo, gCo/Cu, or ARCo/Cu* , thenAR(AP)
should increase only by the increase inrCuGetCuGe over
rCutCu, and ADR should decrease only because of this
crease inAR(AP) in the denominator of Eq.~2!. Quantita-
tively, Eq. ~2! then predicts that replacing Cu by CuG
should reduceADR by the ratio@AR(AP)Cu/AR(AP)CuGe#.
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Comparing Figs. 1 and 2 shows that this simple predict
gives a decent first approximation to the relative behavi
therein.

In contrast, when spin flipping occurs, VF theory giv
more complex equations, where the ratiostF / l sf

F and tN / l sf
N

appear as arguments of exponentials.5 Except in the simplest
cases, the VF equations must be solved numerically.
2CSR model is the limit of VF theory when these ratios a
small. For this reason, we believe that an argument mad
Ref. 10 is incorrect. Specifically, the authors10 claimed that
the 2CSR model is some kind of a ‘‘local model,’’ and that
model involving contributions toAR only from neighboring
F layer is ‘‘nonlocal.’’ Instead, the 2CSR model is the e
treme limit of a ‘‘nonlocal’’ model, in whichAR is deter-
mined by the relative orientations of all of theF layers in the
sample. We will see in Sec. III C that the so-called ‘‘nonl
cal’’ model is equivalent to the extreme opposite VF lim
wheretF / l sf

F is very large. The model designated ‘‘nonloca
is, in fact, the most ‘‘local’’ model that gives a CPP MR.

B. Possible real Fermi surface effects

So far, we have assumed free-electron metals. But it n
seems that, absent spin-flip scattering, CPP-MR data sh
conform to the form of the 2CSR model even for metals w
real band structures, so long as the transport is comple
incoherent.20 In this limit, the remaining issue seems to b
whether the interfacial specific resistanceARF/N* can be ex-
plained solely on the basis of differences in band structu
or whether interfacial mixing and roughness are also imp
tant. Calculations that allow some coherence, limited by
ther bulk disorder10 or interfacial intermixing,21 show devia-
tions from the 2CSR model. In Ref. 10, such deviations
the presence of bulk disorder, but with mean-free pa
longer than the layer thicknesses, were called ‘‘mean-fr
path’’ effects and were proposed to explain the data of Fig
The experimental question before us is when such effects
significant.

As noted in the Introduction, a wide range of CPP-M
data1–8 involving F5Co and N5Cu or Ag are well described
by the 2CSR model. Also, where differences in form of t
CPP-MR data for interleaved and separated samples of
Ag/Py/Ag ~Ref. 11! and Co/Cu/Fe/Cu multilayers12 were
seen earlier, they could plausibly be attributed to finite sp
diffusion lengths in the Py and Fe. While the authors of R
10 did not formally challenge this latter interpretation, o
subsequently22 raised the possibility that the difference
seen11,12might also arise from mean-free-path effects inste
of finite spin-diffusion lengths. To test this possibility, w
replaced the 6 and 1 nm thick layers of Co in interleav
multilayers with much thicker layers of alloys that hav
much higher resistivities and thus much shorter mean-
paths~see Fig. 4!. Based on prior studies, we chose 30 n
thick layers of Py~a well studied ‘‘lowHs’’ alloy ! to replace
the 1 nm thick Co layers, and 15 and 30 nm thick layers
CoZr ~an alloy with a large resistivity per atomic perce
impurity15! to replace the 6 nm thick Co layers. Independe
4-5
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measurements of the resistivities of our sputtered Py
CoZr give rPy'120 nVm ~Ref. 23! and rCoZr'200 nVm
~Ref. 24!.

C. VF theory with interfacial spin-memory loss

In Sec. III A we wrote down the 2CSR equations th
apply equally well to both interleaved and separated samp
In VF theory, in contrast, the equations for interleaved a
separated samples differ. Qualitatively, if spin-memory lo
occurs in the F or N metals, or at F/N interfaces, but is
too strong, thenADR for interleaved samples is only mod
estly affected by such loss, butADR for separated ones i
substantially reduced due to ‘‘GMR decoupling’’ of differe
layers that are far apart. The VF equations are so complic
that we must solve them numerically. We briefly describe
procedure and some results.

VF theory treats spin-polarized transport through
multilayer in terms of spin dependent, spatially varyin
electrochemical potentials and currents. Each layer is c
acterized by two lengths, the layer thickness and the la
spin diffusion lengthl sf . At the layer boundaries, the chem
cal potentials and currents are matched, taking accoun
interfacial specific resistances where needed but neglec
any interfacial spin memory loss. Fert and Lee25 included
interfacial spin-memory loss by defining a ‘‘spin-flip’’ inter
face resistance. We use an alternative procedure for F/N
terfacial spin flips that builds upon our treatment of sp
memory loss at interfaces between nonmagnetic metals.26 We
represent the F/N interface by an additional ‘‘layer’’ (I ),
taken to be a homogeneous slab of thicknesst I , resistivity
r I , ‘‘bulk’’ scattering anisotropyb I ~chosen equal to the in
terfacial gF/N) and spin diffusion lengthl sf

I , subject to the
constraintARF/N* 5r I t I . VF theory then involves matching
electrochemical potentials and currents at the boundarie
this I layer with the F and N metals. Such matching depe
only on two parameters, the interfacial spin-memory-loss
rameterd I5t I / l sf

I , and the productr I l sf
I . However, the con-

straint ARF/N* 5r I t I lets us writer I l sf
I 5ARF/N* /d I , leaving

only a single independent parameterd I to control the pro-
cess, independent of any particular choice oft I—i.e., t I turns
out to be arbitrary.

We have written programs to solve the VF equations
interleaved and separated samples up toN58 ~equivalent to
a standard@F/N#N multilayer up toN516). As an example
of a solution, we show in Fig. 5 the calculated dependen
of ADR upon d I for interleaved and separated Co/C
samples withN56, taking the Co and Cu parameters in R
27 and assuming, for simplicity,l sf

Co5 l sf
Cu5`. The only un-

known in the problem is thend I . The solid curves include
the Nb/Co interface resistanceARNb/Co53 fVm2, at each
end of the sample. For the interleaved sample,ADR passes
through a weak maximum with increasingd I . Over the
range fromd I50 to d I51, ADR varies by little more than
10%. In contrast, for the separated sample,ADR decreases
monotonically and rapidly; byd I51 it has dropped by
;75%. To clarify the source of the weak maximum in F
5, we display as dashed curves in Fig. 5 the same calcula
but now takingARNb/Co50; i.e., neglecting any contact re
05442
d

t
s.
d
s
t

ed
r

,
r-

er

of
ng

n-
-

of
s
-

r

s

.

n,

sistance. Ford I50, the largerADR for the interleaved and
separated samples follows from Eq.~2! simply by setting
ARNb/Co50 in the denominatorAR(AP)—see Eq.~1!. Both
dashed curves now decrease monotonically with increa
d I ~increasing interfacial spin-memory loss!, and join nicely
onto the solid curves for larged I . By large d I , the two
Co/Nb interface resistances have dropped out of
problem—in this limit,ARNb/Co can be set to zero. The initia
rise inADR in the solid curve for the interleaved sample is
consequence ofARNb/Co gradually dropping out of the de
nominator of Eq.~2! asd I increases. This rise is an examp
of a counterintuitive behavior of CPP transport in the pr
ence of a large contact resistance—increasing spin-mem
loss can initially cause the CPP MR toincrease.28

In the limit d I@1, the samples reduce to a linear comb
nation of units consisting of the Cu interlayers bounded
two thin slices of Co/Cu interfaces~of thicknessl sf

I ). ADR
can then be described by Eq.~3!, which is a simple extension
of Eq. ~2! to this limit:

ADR5
4n~b Ir I* l sf

I !2

2r I* l sf
I 1rCutCu

, ~3!

where for separated samplesn51 and for interleaved
samplesn52N21. As expected, the solutions of Eq.~3!
~solid circles in Fig. 5! agree with the numerical solution
~curves! in the larged I limit. These two limits of Eq.~3! are
equivalent to the results of the ‘‘nonlocal’’ model.10 ADR for
the interleaved samples is the sum of contributions fr
2N21 sandwiches composed of two Co/Cu thin slices
opposite sides of each Cu layer, because the magnetiza
reverse from each Co layer to the next. Importantly,
shown by the open squares and dotted curves in Figs. 1
2, this same value ofADR is seen in the as-prepared state
separated samples, and almost the same value is seen
as-prepared state of interleaved ones. We will see in S
IV A that the magnetizations of adjacent layers also reve

FIG. 5. Calculated values ofADR vs d I for interleaved and
separated multilayers withN56. The solid curves include the
Co/Nb contacts; the dashed curves are the same calculation
without those contacts. The filled circles correspond to Eq.~3! with
n511 for the interleaved case andn51 for the separated one.
4-6
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ABSENCE OF MEAN-FREE-PATH EFFECTS IN THE CURRENT- . . . PHYSICAL REVIEW B 65 054424
from Co layer to Co layer in the as-prepared state of
separated samples and approximately also in the as-prep
state of the interleaved ones. In contrast, after the separ
samples have been taken to saturation~solid symbols in Figs.
1 and 2!, the magnetizations of adjacent Co layers at
intermediate field corresponding to the AP state are all p
allel to each other, except at the boundary between the
different Co thicknesses.ADR then contains a contribution
from only the one pair of Co layers for which the adjace
layer magnetizations are opposite to each other@i.e., nown
51 in Eq. ~3!#.

We now consider what effect finite interfacial spi
memory loss withd I50.25 would have on the Co/Cu param
eters that were previously derived assuming no spin-mem
loss.6,27 Those parameters were derived using@F/N#N multi-
layers in which all of the F and N layers were identical, i.
samples effectively ‘‘interleaved.’’ The solid or dashe
curves for interleaved samples in Fig. 5 show thatADR is
not sensitive to the presence ofd I , until d I becomes larger
than about 1. More generally, a nonzerod I<0.25 makes little
change in the linear variations with the thicknessestF andtN

of the quantitiesAR(AP) andAAR(AP)@ADR# used to de-
termine 2CSR model parameters for multilayers of the fo
@Co/Cu#N .6,7 To show this behavior quantitatively, Fig.
uses the parameters for Co and Cu given in Ref. 27 to
culate AR(AP) and AAR(AP)@ADR# for fixed tCo56 nm
and for tCo5tCu as functions ofN. The filled circles are cal-
culations with the 2CSR model assuming no spin-mem
loss anywhere. The solid curves are the VF model includ
spin-memory loss both in the bulk Co and Cu and at
Co/Cu interfacesl sf

Cu5500 nm, l sf
Co560 nm, andd I50.25.

The differences between the filled circles and solid lines
small, and the forms of the two sets of data are very sim
Recalculating the solid curves assuming, instead,l sf

Co5 l sf
Cu

5` makes almost no change. A similar analysis for an in
nite multilayer also produces little change. We conclude t
adding interfacial spin flipping withd I<0.25 has little effect

FIG. 6. Calculated values ofAR(AP) ~left scale! and
AAR(AP)@ADR# ~right scale! for multilayers with total thickness
5360 nm and either fixedtCo56 nm ortCo5tCu. Filled circles are
for the 2CSR model. Solid curves are VF calculations withl sf

Cu

5500 nm, l sf
Co560 nm, andd I50.25.
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on the previous 2CSR model analysis of data for@Co/Cu#N
~Ref. 6! and @Co/Ag#N ~Ref. 7! multilayers with equal Co
layer thicknesses, only requiring renormalization of t
model parameters by amounts small enough to lie within
previously specified uncertainties.

In contrast to having little effect on both interleave
samples and simple@Co/Cu#N multilayers, Fig. 5 shows tha
including interfacial spin flips withd I50.25 has a large ef-
fect on separated samples, and we will see in Sec. IV th
can also cause larger changes in Co-Cu based excha
biased spin valves.

In previous papers,13,14 we have referred to the value o
d I50.25 as corresponding to 25% spin-memory loss at
F/N interface. For spin-memory loss at N1/N2 interfaces,
ratio d5t/ l sf appears inADR as a simple exponential
exp~2d! and exp~20.25!'0.78 corresponds to a 22% redu
tion in ADR. Whend is not too large, it thus approximate
the percentage spin-memory loss. In contrast, Fig. 5 ill
trates that the situation for F/N interfaces is more complex
e.g., in interleaved or simple@F/N#N multilayers,d I50.25
can produce little change inADR. So in the present paper w
simply describe the results produced byd I50.25, and never
refer to a consequent percentage spin-memory-loss.

IV. DATA AND ANALYSIS

We first consider whether the differences in Figs. 1 an
could arise from unwanted differences in the magnetic str
tures of interleaved and separated samples. We conclude
any such differences are too small to be important. We t
examine differences inAR(H) between interleaved an
separated multilayers with various constituents and prop
an interpretation of the results obtained.

A. Magnetic order

We looked for differences in magnetic order between
terleaved and separated samples in three ways.~1! By direct
comparison ofM for interleaved and separated samples.~2!
By comparing howAR(H) varies for both kinds of sample
when they are first taken from their as-prepared state to t
saturated state and thereafter.~3! By scattering polarized
neutrons from interleaved and separated samples.

1. Comparison of M for interleaved and separated samples

Figure 7 compares the values ofM for whole interleaved
and separated samples with both Cu and CuGe nonmag
metals. In both cases, the twoMs are nearly the same. Im
portantly, the fields at which the AP states occur are the sa
to within our measuring uncertainties. Figure 8 shows sim
behaviors for pieces of samples involving just the are
through which CPP current flowed. In both figures, the rat
of changes in magnetization as thick and thin layers flip
about the expected 6 to 1. The peaks inAR(H) for the sepa-
rated samples in Figs. 1 and 2 after saturation occur ab
where the average layer magnetizations pass through zer
the thick layers~;100 Oe! and the thin layers~;725 Oe!,
respectively. Figure 8 contains the variations when
samples were first taken from their as-prepared state
4-7
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K. EID et al. PHYSICAL REVIEW B 65 054424
aboveHs, in addition to those when they were cycled
below 2Hs and back to above1Hs. In the as-prepared
states, both magnetizations in Fig. 8 are close to zero. AH
is increased from zero,M initially increases rapidly up to
H;200 Oe, then more slowly to aboveHs . Both changes
are only about half as large as those over the same field r
after the samples have been taken to aboveHs . These dif-
ferences in magnetization changes before and after satur
mean that the magnetic structures of the samples differ
fore and after the samples are taken aboveHs . To help un-
derstand the nature of this difference, we examine the rel
changes inAR(H) before and after reaching saturation.

FIG. 7. M vs H at 12 K for interleaved~3! and separated~1!
samples with Cu~a! and CuGe~b! with N58 for tCu5tCuGe

520 nm. P and AP states are indicated.

FIG. 8. M vs H at 12 K for center-cut pieces of Cu interleave
~top! and separated~lower! samples including both data from th
as-prepared state to saturation and then from positive saturatio
negative saturation and back again.
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2. ADR„H … before and after saturation

Figures 1 and 2 show that the differences betwe
ADR(H) for interleaved and separated multilayers are
same whether the samples contain Cu or CuGe. Once
samples have been taken to saturation, these difference
large. In contrast, when the samples are first taken from t
as-prepared states to saturation, the differences inADR(H)
are much smaller. If we defineADR(0)5AR (as prepared)
2AR(P) for both interleaved and separated samples,
ADR(peak)5AR(peak)2AR(P) for interleaved samples
then we find thatADR(0) for separated samples is esse
tially the same asADR(peak) for interleaved ones, and th
ADR(0) for interleaved samples is about 85%
ADR(peak) for interleaved ones. Because of the differen
in Hs for 1 and 6 nm thick layers of Co, we expect th
magnetizations of adjacent layers in interleaved sample
be oriented nearly AP at the ‘‘peak’’ ofAR(H) after the
samples have been taken to saturation. For these sample
thus expectADR(peak)'ADR. Figures 1 and 2 then show
that separated samples for both Cu and CuGe also h
ADR(0)'ADR, simultaneously arguing that adjacent laye
in the as-prepared states of separated samples are als
dered AP, and thatADR is experimentally well defined, in-
dependent of whether the thicknesses of adjacent layers
the same or different. In contrast, for interleaved samp
ADR(0)'0.85ADR, indicating that, in the as-prepared sta
adjacent layers are not fully AP ordered.

We interpret theseAR results as follows. As just noted
the close agreement betweenADR(peak)'ADR for inter-
leaved samples andADR(0) for separated ones shows th
both the peak states of interleaved samples, and the
prepared states of separated samples, are very close t
ideal AP state with magnetizations of adjacent Co layers
versed. The slightly smaller values ofADR(0) for the inter-
leaved samples indicate that their magnetic orders dev
slightly from such AP states, a discrepancy we discuss be
For the interleaved samples, oppositely directed magnet
tions for thick and thin layers in the as-prepared and p
states would lead toMÞ0 if the layers were single domain
However, from our observations thatM (H initial50)'0 ~Fig.
8!, as well as evidence of micron-sized domains in oth
studies,18 we argue that the as-prepared states of both in
leaved and separated samples consist mostly of micron-s
AP ordered domains that extend from the top to the bott
of the sample, but with the magnetizations of either t
thicker or thinner Co layers oriented randomly ‘‘positive
negative’’ in the layer planes. As discussed in Ref. 18, su
ordering is probably due to the fringe fields from the ends
magnetic domains. To simplify, if the bottom Co layer co
sists of small magnetic domains pointing only in oppos
directions, such as those shown on the left sides of the
ures for interleaved and separated samples in Fig. 9, then
fringe fields from these domains will act on the newly gro
ing Co layer above to orient its domains antiparallel to tho
in the bottom layer. If the layer thicknesses are all the sa
this process could, in principle, yield the ‘‘ideal’’ as-prepar
antiparallel order in vertical domain structures shown in F
9. In separated samples, the thicknesses of adjacent la
to
4-8
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ABSENCE OF MEAN-FREE-PATH EFFECTS IN THE CURRENT- . . . PHYSICAL REVIEW B 65 054424
are also all the same, except at the single boundary betw
thick and thin layers. In the as-prepared state, we, thus,
pect almost as ideal AP domain structures as in sim
@F/N#N multilayers. In interleaved samples, in contrast, ad
cent layers always have different thicknesses. If the fi
layer is thick, its fringing fields will not be fully ‘‘taken up’’
by the second layer which is thinner, leaving some field lin
to extend up to the third layer and compete against
smaller fringing fields from the second layer. This differen
is compatible with a less ideal AP order of the as-prepa
states of interleaved samples and the smaller values
ADR(0) in Figs. 1 and 2. Figure 9 shows the ideal pictu
of the differences between as-prepared samples of in
leaved and separated samples, and the same samples
being taken toHs and then having the field reversed on
enough to flip the thicker layers. In the as-prepared sta
half of both thicker and thinner Co layers would already
oriented along any given field direction. Thus, as each
ferent layer thickness flips, the changes in magnetizati
should be only about half as large as when the same la
flip after the sample has been taken to saturation. These
the behaviors seen in Fig. 8.

3. Polarized neutron reflectivity results

PNR data generally support this picture of randomly o
ented, micron-sized domains within the sample plane
become single domains in a saturating field. We examine
interleaved sample@Co(6)/Cu(20)/Co(1)/Cu(20)#8 and a
separated sample@Co(6)/Cu(20)#8@Co(1)/Cu(20)#8 with
magnetoresistance and magnetization behaviors simila
those shown in Figs. 1~bottom! and 7, respectively. After
cooling in zero field and saturating in a field of22000 Oe,
we reversed the field and obtained the reflectivity of b
samples in a field of 250 Oe~which coincides with the peak
in the magnetoresistance of the interleaved sample!, and in
fields of 74, 114, and 725 Oe~the latter two of which are
near the two peaks in the magnetoresistance of the sepa
sample!. These results were compared to the reflectivity d
measured in a saturating fieldHs.1600 Oe. The data ob
tained at all of these fields were characterized by the abs
of specular spin-flip~SF! scattering. This result indicates th
after saturation the Co moments are aligned either paralle
antiparallel to the applied field direction at all fields. Upo

FIG. 9. Schematic, approximate pictures of inferred magn
ordering for interleaved and separated samples in their ‘
prepared’’ state and after they have been taken to saturation
then the field reversed only enough to flip the thicker Co layers
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field cycling, the reversal of the Co moment directions f
the thick and thin layers thus occurs via domain formatio
rather than moment rotation within the sample plane.

Figures 10 and 11 show the NSF specular reflectiv
data and corresponding fits for the interleaved and se
rated samples, respectively, in a field of 250 Oe. In Fig.
the data for the interleaved sample are dominated by su
lattice peaks above the critical angle atQ50.21, 0.32, 0.44,
0.58, 0.71, 0.85 nm21'2pm/D, whereD545.4 nm is the
multilayer repeat length andm is an integer.~Note that this
approximation does not explicitly hold for the peaks at lo
Q due to dynamical effects.! In contrast, theR22 data for the
separated sample in Fig. 11 show superlattice peaks aQ
50.29,0.52,0.76 nm21'2pm/D1, whereD1524.6 nm, and
the R11 data have superlattice peaks atQ50.35, 0.64, 0.95
nm21'2pm/D2, where D2519.6 nm. D1 and D2 corre-
spond to the repeat lengths of the thick- and thin-layer p
of the multilayers, respectively, within the separated sam
The superlattice peaks for each multilayer appear in differ
reflectivity cross sections because the thin Co layers
aligned opposite to the 250 Oe field while the moments

c
-
nd

FIG. 10. Specular neutron reflectivity data and fits plotted a
function of the wave vectorQz of an interleaved sample
@Co(6)/Cu(20)/Co(1)/Cu(20)#8 at 18 K in a 250 Oe field. Only
the R22 ~dark squares! and R11 ~open circles! reflectivities are
shown. ~The SF reflectivities are effectively at the backgrou
level.! The magnetization profile for the Co layers that is shown
the bottom graph was obtained from the fit. The apparent dif
ences in moments in the thin and thick layers are explained in
text.
4-9
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K. EID et al. PHYSICAL REVIEW B 65 054424
the thick Co layers are aligned parallel to the field.~In a
saturating field, both sets of superlattice peaks are evid
only in theR22 data.! In general, the relative intensities o
the superlattice peaks in theR11 andR22 data are sensitive
to the magnitude and orientation of the moments in the t
and thick Co layers averaged across the sample plane.
magnetization profiles at the bottom of Figs. 10 and 11 w
generated from the fits to the corresponding PNR d
Consistent with the magnetization results~Fig. 7!, our fits
reveal that the Co moments in the thin and thick layers
aligned AP to each other for both samples at 250 Oe
represented schematically in Fig. 9~‘‘after Hs’’ !. The appar-
ent moments in the thin Co layers, however, appear to
substantially smaller than those in the thick Co layers. T
illusion occurs primarily because the fits are sensitive to
structural interfacial roughness averaged across the sa
plane, which exceeds the 1 nm thickness of the thin lay
along the growth direction. In reality, the moments in bo
the thick and thin layers saturate in a field of 2000 Oe
almost 100% of the bulk Co value. In a field of 250 Oe~Figs.
10 and 11!, the magnetizations of the thin Co layers in bo

FIG. 11. Specular neutron reflectivity data and fits plotted a
function of the wave vectorQz of a separated sampl
@Co(6)/Cu(20)#8@Co(1)/Cu(20)#8 at 18 K in a 250 Oe field. Only
the R22 ~dark squares! and R11 ~open circles! reflectivities are
shown. ~The SF reflectivities are effectively at the backgrou
level.! The magnetization profile for the Co layers that is shown
the bottom graph was obtained from the fit. The apparent dif
ences in moments in the thin and thick layers are explained in
text.
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samples are only slightly reduced from their 2000 Oe sa
ration values, suggesting that small in-plane domains fo
within these layers as the field is raised toward its coerc
value.

Specular reflectivity data at 73, 114, and 725 Oe confi
that the thin and thick Co layer moments reverse directio
as expected, at different coercive fields. After saturation
22000 Oe. the moments in the thick Co layers in both
interleaved and separated samples start to reverse as the
passes zero, reach a net value ofM;0 at about 100 Oe, and
are fully reversed by 250 Oe. The behavior around 100 O
evidenced, in part, by a large reduction of the fitted mome
for the thick Co layers compared to their saturation value
well as by an increase in the diffuse scattering.18 As stated
previously, this moment reversal occurs via the formation
small, in-plane domains. Over this field range, the mome
in the thin Co layers remain parallel to the original fie
direction. Those moments begin to reorient as the field ri
above 300 Oe, reachingM;0 at about 725 Oe, and do no
fully reverse until above 1000 Oe. Fits to the 725 Oe refl
tivity data for both the interleaved and separated samp
indicate that the Co moments in the thin layers, avera
across the sample plane, are reduced from their satura
value. The data thus suggest that the reversal of the thin
layer moments also proceeds via formation of small, in-pla
domains. The reflectivity data thus confirm that the pe
plateau in the magnetoresistance of interleaved/separ
sample near 250 Oe~Figs. 1 and 2! is associated with an
antiparallel alignment of the moments in the thin Co laye
relative to those in the thick Co layers. In contrast, the pe
in magnetoresistance of the separated sample near 100
725 Oe~Figs. 1 and 2! are associated with the process
reversal of the thick~100 Oe! or thin ~725 Oe! Co layers,
respectively—i.e., with fully aligned thin Co layers at 10
Oe and thick Co layers at 725 Oe, but with the net magn
zations close to zero for the thick layers at 100 Oe or t
layers at 725 Oe. The orientation and magnitude of the t
and thick Co layer moments thus have a similar field dep
dence for both the interleaved and separated samples.
unanticipated differences in magnetic structures between
terleaved or separated samples in their nominal AP o
states appear too small to explain the differences between
magnetoresistances in Figs. 1 and 2.

The PNR data also provide information about the ma
netic structures of the samples in their as-prepared sta
Figure 12 shows the specular and diffuse reflectivity data
the separated sample. TheR11 and R22 data show struc-
tural superlattice peaks atQ52pm/D150.29, 0.52, 0.76
nm21 from the thick-layer part of the multilayer (D1
524.6 nm) and peaks atQ52pm/D250.35, 0.64, 0.95
nm21 (D2519.6 nm) from the thin-layer part of the
multilayer. Unlike the data of Fig. 11, the NSF reflectivitie
are not split and provide no direct information about t
magnetic structure. However, the magnetic SF data sh
broad features near these same positions indicating that s
fraction of the sample with in-plane domain sizes larger th
100 mm is ordered with moments in the thick Co laye
aligned antiparallel to those in the thin Co layers. This
comparable to the magnetic structure shown in the bot

a

r-
e
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ABSENCE OF MEAN-FREE-PATH EFFECTS IN THE CURRENT- . . . PHYSICAL REVIEW B 65 054424
half of Fig. 11. The as-prepared data also show substa
magnetic diffuse scattering~bottom part of Fig. 12! indicat-
ing that a different portion of the sample orders with in-pla
ferromagnetic domains sizes smaller than 100mm.17,18 Dis-
tinct peaks are apparent atQ50.22,0.42,0.65 nm21. These
magnetic peaks lie halfway between the structural supe
tice peaks in the NSF data atQ52pm/D1. The periodicity
of this magnetic structure is thus double the periodicity
the thick part of the separated multilayer. The presence
these peaks indicates that some portions of the thick Co
ers are magnetically ordered in small, ferromagnetic in-pl
domains that are oriented antiparallel relative to each ot
as depicted in Fig. 9~‘‘as-prepared’’!. The in-plane direction
of these domains is apparently random since the magn
intensity is evenly distributed in the NSF and SF diffu
reflectivities. Unfortunately, neither the diffuse nor specu
data provide any direct information about the magnetic
dering of the thin-layer part of the separated multilaye
While the as-prepared magnetic structure is clearly a mix
of several spin configurations, we can conclude that
sample partially orders in the antiparallel structure shown
Fig. 9 ~‘‘as-prepared’’!.

FIG. 12. Specular and diffuse reflectivity data for the separa
sample @Co(6)/Cu(20)#8@Co(1)/Cu(20)#8 at 18 K in the as-
prepared state. The data were obtained in a 3 Oeguide field. The
R22 ~dark squares!, R11 ~open squares!, R12 ~dark circles!, and
R21 ~open circles! reflectivities are all shown. The diffuse da
have not been corrected for polarization efficiencies. The vert
dotted lines mark the superlattice peaks in the diffuse data.
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B. Magnetoresistance

If t/l is the controlling parameter in the differences b
tween interleaved and separated samples in Fig. 1,
greatly increasing it in either the F or N metal should cau
the data for separated samples to approach those for i
leaved ones, provided thatl sf remains long enough. To tes
this expectation we replaced Cu by Cu~2%Ge! hereafter just
CuGe, which has shortlCuGe;8 nm,13,16 but long l sf

CuGe

;130 nm.13 For tCuGe520 nm and 40 nm~Figs. 2, 3 and
Ref. 13!, the ratios tCuGe/lCuGe are 2.5 and 5. FortCuGe

520 nm andN52 ~Fig. 3!, the ratiotT / l sf
CuGe,1, wheretT

560 nm is the total CuGe thickness between outer Co l
ers. FortCuGe510 nm andN53 ~Ref. 13!, tT / l sf

CuGe,0.4 is
even smaller. Figure 4 and Ref. 14 showed further that
differences were not reduced by increasing the lay
thickness to mean-free-path ratios in all three layers by m
than a factor of 10, by also replacing the 1 nm thick C
layers by 30 nm thick Py layers and the 6 nm thick Co lay
by 15 or 30 nm thick CoZr layers.

From these results, we conclude that the ratiot/l is not
driving the differences between interleaved and separa
data—there are no ‘‘mean-free-path effects’’ of the kind d
scribed in Ref. 10. We already noted in Sec. III that t
differences in magnitudes of the data for Cu and CuGe
serts can be mostly explained by the different values
AR(AP) @see Eqs.~1! and~2!#. Any residual differences can
presumably be ascribed to effects of finitel sf not included in
Eqs.~1! and ~2!.

We next ask what contribution to the data of Figs. 1 an
can come from VF theory with finite bulk spin-diffusio
lengths,l sf , for Co, Cu, and CuGe. Published estimates
l sf
Co lie in the range 60620 nm.27,29 For Cu, we estimated

l sf
Cu;500 nm,30 with uncertainty from 400 nm to 1mm. For

CuGe we estimatedl sf
CuGe5130630 nm from the data of

Ref. 9. For quantitative comparison of separated~sep! and
interleaved~int! samples, we examine the ratio (ADR)sep/
(ADR) int . Experimentally, we take (ADR) int at the peak of
the interleaved data, and (ADR)sepat the plateau just beyon
the first peak of the separated data. The results fortN
520 nm are shown as a function ofN in Fig. 13 for samples
with both Cu and CuGe. The predictions of VF theory f
this ratio, assumingl sf

Co560 nm, l sf
Cu5500 nm, andl sf

CuGe

5130 nm are the dotted and long-dashed curves, with e
bars showing the ranges of uncertainties due to the uncer
ties in l sf listed above. These two curves account for 20
50 % of the observed differences between interleaved
separated samples. We, thus, disagree with Ref. 10 that fi
values ofl sf are irrelevant to the differences in Fig. 1, but w
agree that a further mechanism is needed to fully exp
those differences. To account for them byl sf

Co alone would
requirel sf

Co;10 nm, a value that seems too short.
An intriguing possibility is spin-memory loss~spin flip-

ping! at F/N interfaces.12,13,25 With no direct evidence for
such loss, our analysis must be indirect. We showed in S
III C that modest spin-memory loss at F/N interfaces wou
not destroy the agreement of published data with 2CSR
VF models. We also recently showed that spin-memory l
can be large at N1/N2 interfaces; values for V/Cu, Nb/C

d
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and W/Cu ranged from;6%/interface for V/Cu up to
;60%/interface for W/Cu.26 We attributed these losses
spin-orbit-induced spin flipping in high-resistivity interfaci
alloys. Adding additional flipping due to magnetic disord
in alloyed regions at F/N interfaces could well enhance
terfacial spin-memory loss.

The short-dashed curve for Co/Cu and the solid curve
Co/CuGe in Fig. 13 show our calculations of (ADR)sep/
(ADR) int addingd I50.25 to the spin-diffusion lengths liste
above. The uncertainties in these curves due to those il sf
are no larger than the sizes of the symbols for the data.
uncertainty bars shown for these curves are ford I50.25
60.1. We conclude this discussion of spin-memory loss
Co/Cu interfaces by~a! arguing that the loss observed
plausible if the interface is viewed as a random alloy of
and Cu and~b! showing that some previously published da
provide indirect support for such loss.

~a! We estimated I5t I / l sf
I for an assumed Co-Cu 50-5

alloy with thicknesst I assuming that spin-flips are due
spin-orbit scattering. Since the spin-orbit cross section of
in Cu is rather uncertain,31 and we do not have reliable in
formation about the ‘‘size-effect’’ parameterr Il I ~Ref. 15!
for the interfacial alloy, we must make assumptions. We
sume thatr Il I has the typical value15 r Il I51 fVm2, and
thatr I t I5ARCo/Cu* (12g2), whereARCo/Cu* 50.5 fVm2 is the
measured Co/Cu interfacial resistance.6 Dividing the second
relation by the first, we findt I /l I'0.2. To calculated I , we
must relatel I to l sf

I . To do so, we assume that the minori
and majority mean-free paths in the interface have the r
set by our measuredg for Co/Cu interfaces—i.e., thatl I

↑

and l I
↓ are related byl I

↑/l I
↓5ARCo/Cu

↓ /ARCo/Cu
↑ 5(11g)/

(12g)'7 ~Ref. 6!. Since the transport mean-free path is t

FIG. 13. (ADR)sep/(ADR) int vs N. The dotted and long-dashe
curves for Co/Cu and Co/CuGe, respectively, are predictions u
VF theory with the parameters for Co/Cu~Ref. 27! plus l sf

Co

560 nm, l sf
Cu5500 nm, andl sf

CuGe5130 nm. The vertical bars indi
cate the ranges of uncertainties due to uncertainties in these v
of l sf . The short-dashed curve for Co/Cu and the solid curve
Co/CuGe addd I50.25 to the prior calculations. Now the error ba
indicate the ranges of predictions ford I50.2560.1. For these
curves, the error bars due to uncertainties inl sf are smaller than the
symbols for the data.
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sum of the spin-dependent mean-free paths, the effec
mean-free path related to the interface resistivityr I is essen-
tially just the long onel I

↑ . From Eq.~10! of Fert et al.,32 l sf
I

is related to the mean-free path for spin-orbit scatteringlsf

by the expressionl sf
I 5A@l I

↓l I
↑lsf#/@3(l I

↓1l I
↑)#. Since l I

↑

@l I
↓ , one obtainsl sf

I 'A(l I
↓lsf)/3. If, from Ref. 31, we take

lsf;20l I
↑ ~20 times the transport mean-free path!, we obtain

l sf
I 'l I

↑A20/(733)'l I
↑ . Our estimate then becomesd I

5t I / l sf
I 5t I /l I

↑50.2, large enough to ‘‘justify’’ our experi-
mental estimate ofd I'0.25.

~b! As noted in Sec. III C, adding an interfaciald I50.25
has minimal effect onADR for simple F/N multilayers with
identical F layers, or for interleaved multilayers. Such
addition can, however, affectADR in exchange-biased spi
valves~SV’s!. In an earlier paper27 we reported that data fo
both symmetric~equal Co layer thicknesses! and asymmetric
~one Co layer thickness fixed and one variable! Co/Cu
exchange-biased SV’s fell below the values predicted us
nonadjustable, independently determined, CPP-MR par
eters for Co, Cu, and Co/Cu interfaces. Figure 14 sho
those data and those fits~dashed curves!. We also noted27

that most of the discrepancies could be removed by a c
bination of modest variations in the assumed parameters
corrections for failure to reach a fully AP state in the sym
metric SVs with thick Co layers. The solid curves in Fig. 1
show that an interfacial spin-memory loss ofd I50.25 pro-
vides an alternative possible explanation. These curves~and
the uncertainty bars shown! were calculated using exactly th
same parameters as for the dashed curves, but simply ad
interfacial spin-memory loss ofd I50.2560.1. This com-
pletely nonadjustable procedure fits both sets of data surp
ingly well.

For completeness, we also consider measurements o
CIP MR’s of interleaved and separated Co/Cu multilayers
mean-free paths were the dominant length scales in both
CIP and CPP MR’s, the two might be expected to sh

g

es
r

FIG. 14. ADR vs tCo for symmetric~filled triangles! and asym-
metric ~open circles! Co/Cu exchange-biased spin valves. T
dashed curves are prior fits~Ref. 27! assuming no spin-memory los
at the Co/Cu interfaces. The solid curves just add an interfa
spin-memory loss ofd I50.25.
4-12
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similar differences between interleaved and separa
samples. Indeed, we previously reported similar differen
for @Py/Ag/Co/Ag# multilayers,11 but attributed them to dif-
ferent underlying physics, mean-free-path limitations
CIP, as noted in the Introduction above, and spin-diffus
length limitations, mostly in the Py, for CPP. Figure 1
shows that we find similar differences in the CIP MR’s a
CPP MR’s for Co/Cu multilayers. Again, we attribute the
to different physics—the CIP MR’s to expected mean-fre
path effects there, and now the CPP MR’s to a combina
of spin-memory loss in the bulk materials and at the int
faces as argued above and in Refs. 13 and 14.

Lastly, to see if the results of Fig. 1 are highly sensitive
details of the mutual solubilities and band structures of th
and N metals, we checked the differences between in
leaved and separated samples with Cu replaced by Ag, w
is insoluble in Co. Figure 16 shows data similar to those
Fig. 1.

V. SUMMARY AND CONCLUSIONS

In this paper we have done the following.
~1! Confirmed the differences in CPP MR reported in R

10 for interleaved @Co(6)/Cu(20)/Co(1)/Cu(20)#N and
separated @Co(6)/Cu(20)#N@Co(1)/Cu(20)#N multilayers
after they are taken to above their saturation fields,
showed that the differences persist in samples with rep
numbers as small asN52.

~2! Showed that the differences in CPP MR remain ess
tially unchanged when Cu is replaced by Cu~2%Ge! with
thicknesses that increase the ratiotCu/lCu of mean-free path
to layer thickness in the Cu from about 1/5 to 5, while s
leaving the spin-diffusion length long. We infer that mea
free paths are not scaling lengths in the CPP MR of pres
day samples.

FIG. 15. Comparison of CPP MR and CIP MR for separated
interleaved Co/Cu multilayers. Symbols and curves have the s
meanings as in Fig. 1. The open squares for the separated CPP
were noisy, as shown by the fluctuations in the points forH5200
2500 Oe. To reduce uncertainty atH'0, that square is the averag
of six very low field measurements. All other points are sing
measurements.
05442
d
s

r
n

-
n
-

F
r-
ch
n

.

d
at

n-

l
-
nt

~3! Showed that the differences remain unchanged,
even increase, when the Co layers are replaced by Py
CoZr layers for whicht/l increases by more than factors
10. This result is further evidence that the CPP-MR scal
lengths are spin-diffusion lengths, not mean-free paths.

~4! Used both magnetization and polarized neutron refl
tivity measurements to show that~a! our samples do reach
closely antiparallel~AP! states and at the same fields for bo
interleaved and separated samples and~b! any unwanted dif-
ferences between the magnetic structures of interleaved
separated samples are small.

~5! Showed that the CPP MR’s in the as-prepared state
separated samples are as large as those at the peaks of
leaved samples. We attribute this result to magnetic str
tures of the separated samples in the as-prepared sta
which magnetizations of adjacent layers are reversed, as
tinct from the state where the magnetizations of thick a
thin layers are reversed. This result confirms the argumen
Ref. 10 that the magnetic order of adjacent layers in se
rated samples is crucial. We showed that the specific mo
associated with that claim is essentially equivalent to Eq.~3!
above, which extends VF theory to include interfacial sp
flips. We dispute the claim10 that such a model is ‘‘nonlocal,’’
arguing that it is the most local model that gives a CPP M

~6! Confirmed the claim10 that the best available spin
diffusion lengths in Co and Cu are too long to fully expla
the observed differences in CPP MR between interleaved
separated samples, but showed that these lengths are
enough to account for part of those differences.

~7! Argued that the rest of the differences can plausibly
attributed to spin flipping at Co/Cu interfaces with spi
flipping parameterd I50.25, and showed that the sam
amount of flipping:~a! can resolve discrepancies betwe

d
e

MR
FIG. 16. AR(H) vs H at 4.2 K for interleaved~top! and sepa-

rated~bottom! multilayers of Co/Ag withN58. The scale units for
this pair of samples are identical. The open squares and da
curves show howAR(H) varied when first taken from the as
prepared state to the saturated state. The filled circles and
curves show how it varied after having been taken to saturation
4-13
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predictions and previously obtained data on Co-
exchange-biased spin valves and~b! is consistent with a
simple estimate of effects of spin-orbit scattering in an int
facial layer composed of a Co-Cu alloy.

~8! Showed that the differences between interleaved
separated states are similar in the CIP and CPP MR’s,
though we interpreted the two cases differently.

~9! Showed that similar differences between interleav
and separated states persist when the Cu is replaced by
which we take as evidence that the differences between s
rated and interleaved samples are not sensitively depen
on details of mutual solubility or band structures.

We conclude that the observation10 of differences in CPP
MR between interleaved and separated samples of Co
Cu has been highly stimulating. If future work confirms t
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importance of spin flipping at F/N interfaces, Ref. 10 mu
be given credit for having led the way to this possibility.
on the other hand, spin flipping at interfaces is not the sou
of the differences, then this source remains unclear, altho
mean-free-path effects seem ruled out. The use of the 2C
and VF models in most published work on the CPP MR s
seems justified, although if interfacial spin flipping at F/
interfaces is eventually confirmed, some parameters m
need to be slightly modified.
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